An efficient way to find the workability limit for powder metallurgy parts has been suggested. Compacts of Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C were produced to the relative density of 0.82 and 0.86 with three different geometries through primary operations of powder metallurgy routes. Each sintered compact was hot deformed to various strain levels till a visible crack appeared at the free surface. Oyane's fracture principle was used to develop a theory to study powder metallurgy compacts. A least square technique was used to determine the constants in fracture criteria and these equations were finally used to find workability limit. It is found that the projected technique was well in agreement with the experimental values.
Introduction
Powder metallurgy manufacturing technique is used to produce parts to close tolerance, intricate shapes, and near net shapes. It has proved to be cost effective of producing many parts such as porous materials, composite materials, refractory materials, and special high duty alloys [1] [2] [3] to be used in aircraft, automotive, and manufacturing industry. Further, powder metallurgy route is green manufacturing and energy efficient manufacturing compared to casting operation [4] . Aluminum metal matrix is used for wide range of industrial applications due to its exceptional properties such as low specific density, great strength, low thermal growth, and decent wear resistance and is cost-effective [5] [6] [7] [8] [9] . Ductile aluminum matrix strengthened with tougher and stiffer carbides offers a blend of properties of the metallic material and ceramic strengthening parts [10] . Titanium carbide and tungsten carbide based parts are presently used in high strength application where better strength, wear resistance, and corrosion resistance are necessary [11, 12] and aluminium reinforced with tungsten carbide prepared by warm accumulative roll bonding method exhibited enhanced mechanical properties [13] . The workability of the powder metallurgy parts plays an important part in defining if the powder metallurgy part will be shaped successfully or fracture initiates in the forming practice.
Workability is the amount of deformation in which a material can sustain the induced internal stresses of forming prior to failure. Workability features are dependent not only on the material but also on numerous forming parameters such as stress and strain rate, porosity, friction, and temperature [14, 15] . Over the years, numerous models [16] [17] [18] were established to study workability of conventional parts; however, they cannot be directly applied to powder metallurgy parts as the conventional parts are expected to follow volume constancy [14, 19, 20] , whereas powder metallurgy parts are expected to follow mass constancy [15, 21, 22] . These essential assumptions were used to develop the plasticity model for respective parts. Overall, the fracture mechanisms stated by numerous investigators [23, 24] depend highly on the extent of triaxiality and the equivalent strain and the stress triaxiality that rules the crack creation. In the case of powder metallurgy metal forming practice, the strain to fracture mainly depends on the formability stress factor and the strain path [15] . Abdel-Rahman and El-Sheikh [15] suggested the stress formability criteria ( ) 2 Journal of Powder Technology for relating the effect of mean stress and the effective stress by employing theories projected by Kuhn and Downey [25] and Hwang and Kobayashi [26] for powder metallurgy parts. Numerous researches are established using Oyane's fracture principle to frame the mathematical model and matched with experimental outcomes showing good agreement [17, 27, 28] . Oyane's fracture principle states formality stress factor and the strain that has been effectively combined to create the workability limits for wrought parts [16, 17] . It is presented [16] [17] [18] that the idea of workability limit can be useful to account for the effect of formability stress factor and define the strain to fracture at any material point where the formability stress factor is constant throughout the process. For powder metallurgy parts this condition is not fulfilled [14, 15, 29] and as projected in [16, 17] , a workability limit should be supplemented with a fracture criterion to take into account the path dependence of fracture. The fracture criterion used in the workability limit (characterized by effective strain against formability stress factor at fracture) can be expressed by integrating formability stress factor over the strain path instead of experimental values. The current study is intended to develop a mathematical model using Oyane's fracture principle with certain alterations so as to suit for powder metallurgy parts. Additionally, a statistical technique is applied to explore the value for the constants obtained in the mathematical model, which is finally used for making workability limit plot to disclose the characteristics nature of sintered Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C compacts under hot upsetting.
Experimental Details

Materials and Characteristics.
Aluminium powder of less than or equal to 150 m in size (diameter) and corresponding carbide powders, namely, titanium carbide, tungsten carbide, molybdenum carbide, and iron carbide, of less than or equal to 50 m in size (diameter) were used in this research. The sieve analysis and basic characterization of aluminium powder and the respective composition have been carried out using standard methods of testing and are given in Tables 1 and 2, respectively.
Powder Blending and Compaction.
The required quantity of aluminium and corresponding carbide powders were accurately weighed and mixed to obtain Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C in a ball mill machine with powder mixed to stainless steel balls (10 mm inn diameter) with a ratio of 1 : 1 by weight. Air tight containers were used here to prevent oxidation of aluminium powders. Towards the end of blending procedure a steady apparent density confirmed homogeneous mixture. The mixed powders were then compressed using 100 tons capacity hydraulic press into cylindrical billets of aspect ratio (height-to-diameter ratio) of 0.2, 0.4, and 0.6. The corresponding compressing stresses were obtained from the compressibility curve prepared for each material so as to obtain an initial theoretical density of 0.82 ± 0.01 and 0.86 ± 0.01. Initial theoretical density is initial density of the preform divided by 100% density of the preform (no pores).
Ceramic
Coating, Drying, and Sintering. Directly after compaction an indigenously developed ceramic coating was applied on the preforms. The ceramic coating was prepared by mixing alumina powder in acetone. This covering was allowed to dry for a period of 12 hours and then recoating was employed to the preforms in the direction of 90 ∘ to that of the previous covering. Once more the preforms were allowed to dry for a period of 12 hours. The covering was applied to prevent oxidation of preforms during the sintering process. The ceramic coated preforms were dried in an electric muffle furnace at a temperature of 220 ∘ C for 30 minutes and then sintered at the temperature of 594 ∘ C for further 60 minutes.
Hot Deformation and Measurements.
Eight specimens of each material and aspect ratio were prepared and sintered. Hot upsetting of the seven sintered preforms followed directly after the sintering process at a temperature of 594 ∘ C to the different levels of height strain. All seven deformed specimens and one undeformed specimen were left in the open air for atmospheric cooling. It was ensured that one of the specimens had visible crack on the bulging surface while others were prevented from this defect. The specimens were placed between two flat dies and the impact load (varying to achieve different height strains) was provided by the dropping hammer. The deformation was achieved in one blow of the hammer. The hot upsetting was carried out with no lubricant. Dimensional measurements such as deformed height (ℎ ), deformed diameters, namely, contact diameter at the top surface ( 1 ), contact diameter at the bottom surface ( 2 ), and bulged diameter ( ), were carried out after every upsetting. The density measurements of the forged samples were carried out using Archimedes principle.
Theoretical Analysis
The formability stress index ( ) is used to describe the effect of hydrostatic stress ( ) and the effective stress ( eff ) on the forming limit of powder metallurgy materials during upset forging. The formability stress index can be expressed as [15] 
The effective or equivalent stress for powder metallurgy materials can be determined by using the appropriate yield criterion which should take the pore effect into account. A typical theorem is that the plastic deformation occurs when the elasticity strain energy reaches a critical value [30] [31] [32] .
The formulation can be written as
where , , and are yield criterion parameters, 1 and 2 are the first invariant and second invariant of the stress tensor and stress deviator, respectively, 0 is the yield strength of a fully dense compact, and is the yield strength of a partially dense material having relative density . The parameters 1 and 2 in the cylindrical coordinate system can be written as
Here, for axisymmetric forging, = , 2 and 2 1 can be written as As explained in [33, 34] , the following yield criteria parameters are chosen in this research as = 2 + 2 , = (1 − 2 )/3, and = 2 2 − 1. Equation (5) can now be written as
Dividing (6) by axial stress, gives the expression for effective stress ratio in terms of cylindrical coordinates as
According to Narayanasamy et al. [35, 36] , the strain increment ratio ( / ) in a triaxial stress state is given by
The hoop stress ( ) under triaxial stress state condition can be determined from (8) as given below:
Further, rearranging (9)
] .
Under triaxial stress state cylindrical coordinates, the hydrostatic stress can be written as follows: assuming = ,
Further, rearranging (11)
The formability stress index under triaxial stress state condition (1) can be written as
Shima and Oyane [37] proposed a fracture model as
where 1 and 2 are material constants. Using (1), Oyane's fracture model can now be written as
The formability stress index at fracture is constant and (15) can be transformed to eff =
where is the value of at fracture and eff is the effective strain at fracture. Equation (16) the workability limit in the form of a hyperbola. The effective strain ( eff ) in terms of cylindrical coordinates as explained elsewhere [36, 38] under triaxial stress state condition is expressed as
where is the true hoop strain and is the true axial strain.
Results and Discussion
The upsetting tests on Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C cylindrical powder metallurgy preforms were carried out. For each composition, three different aspect ratios (height to diameter ratio) with two different percentage theoretical densities were prepared and hot deformed without any lubricant, thus providing six different sets of experimental data for each composition. Aspect ratios of 0.2, 0.4, and 0.6 and initial theoretical density of 82% and 86% were used in this experiment. The initial height, diameter, and preform density were measured and the same was measured including the bulged diameter for different strain levels until preform fracture. From the measured parameters the effective strain ( eff ) and stress formability factor ( ) at fracture were determined for Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C as shown in Table 3 . It can be seen from Table 3 that eff rises and decreases with increasing aspect ratio regardless of initial relative density and compositions. Additionally, eff is found to be higher for lower initial relative density compacts in comparison to higher relative density compacts. In general, eff was found to be higher in WC reinforced aluminium matrix and lowest in Fe 3 C strengthen aluminium matrix. Furthermore, is found to be higher for higher initial relative density compacts in comparison to lower relative density compacts. In general, was found to be lowest in WC reinforced aluminium matrix and highest in TiC strengthen aluminium matrix.
Using the least square method and the experimental data ( eff and ) obtained for Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C, the constants, 1 and 2 , in the approximation to the workability limit equation (16) were determined and presented in Table 4 together with the approximation equations. Figures 1, 2, 3, and 4 show the experimental data plotted with the approximation equation given in Table 4 for the respective compositions, eff against . The experimental Journal of Powder Technology 5 points and the approximation to workability limit for all the compositions are in good agreement and are applicable when fracture occurs at free surface for powder metallurgy materials.
The workability limit plot depicts that effective strain at fracture is a function of formability stress index at fracture ( eff = ( )). The general characteristics of the plot in Figures 1-4 are similar as eff decreases with the increasing . The slope of the curve is found to be highest in Mo 2 C composite and lowest in TiC composite depicted from Figures 1-4 . These plots are important for industrial applications as safe zone and unsafe zone can be used from these plots during the forming process.
The workability limit of the TiC reinforced preforms was found to be higher followed by Fe 3 C and Mo 2 C composites. WC reinforced preforms exhibited lowest workability limit for any specified effective strain. The material compositions are designed by weight fraction and TiC particulate being the smallest density followed by Fe 3 C, Mo 2 C, and WC as seen in Table 2 . This means the amount of smaller and fine voids existing in Al-4%TiC compact is more compared to other materials tested. The actual closing of voids is more in TiC compacts during hot upsetting increasing the density which intend gives high workability limit for TiC compacts.
Conclusions
The theoretical correlation between effective strain and formability stress factor at fracture was acquired, which was used for constructing workability limit plot for Al-4%TiC, Al-4%WC, Al-4%Fe 3 C, and Al-4%Mo 2 C. It is established that hyperbolic curve acquired from Oyane's fracture criterion for the theoretical relationship showed good agreement with the 6 Journal of Powder Technology experimental results; hence these workability limit plots can be used in forming processes.
